We study transport through ballistic and diffuse ferromagnetic domain walls in a two-band Stoner model with a rotating magnetization direction. For a ballistic domain wall, the change in the conductance due to the domain wall scattering is obtained from an adiabatic approximation valid when the length of the domain wall is much longer than the Fermi wavelength. In diffuse systems, the change in the resistivity is calculated using a diagrammatic technique to the lowest order in the domain-wall scattering and taking into account spin dependent scattering lifetimes and screening of the domain-wall potential. ͓S0163-1829͑99͒09829-X͔
I. INTRODUCTION
In a ferromagnet, domains with different directions of the magnetization are favored by the long-range magnetic dipolar interaction. The boundary between the domains, the domain walls ͑DW's͒, are a source of magnetoresistance that recently has attracted experimental [1] [2] [3] [4] [5] and theoretical interest. [6] [7] [8] For ballistic systems, where the electron mean free path is longer than the system size, first-principles band-structure calculations have shown that the DW resistance is enhanced due to the nearly degenerate bands at the Fermi energy. 8 The rotating magnetization direction causes an effective potential barrier for the electrons which increase the resistance. Recently large DW resistance in ballistic Ni nanocontacts has been measured. 9 The appearance of large DW resistance in small contacts is in agreement with the results of Ref. 8. In the diffuse transport regime Cabrera and Falicov 10 interpreted transport through a single DW as a tunneling process and the corresponding MR was found to be exponentially small. Berger 11 modeled the domain-wall scattering as a force on the magnetic moment of the conduction electrons. Tatara and Fukuyama 6 calculated the DW conductivity for spin-independent scattering lifetimes. Levy and Zhang 7 pointed out that spin dependent impurity scattering can strongly enhance the DW resistivity.
Beyond the semiclassical transport theories, Tatara and Fukuyama 6 predict a negative DW resistivity as a result of the reduced weak-localization correction due to the decoherence of the electrons by the scattering off the domain wall. However, quantum interference effects do not explain the experiments in Refs. 3 and 4, where the negative DW resistance persists up to high temperature where the inelasticscattering length is shorter than the mean free path. It has been suggested by Ruediger et al. 12 that the experimentally observed negative DW resistance is an extrinsic effect caused by the interplay between orbital effects due to the internal magnetic fields and surface scattering. Recently, it was also demonstrated that the large negative domain-wall resistance of Co films 1 is due to MR resistivity anisotropy. 13 It is the purpose of the present paper to give a detailed account of the transport through a domain wall both in the ballistic and the diffuse regime in a two-band Stoner model. In the ballistic transport regime, the transport through the magnetic domain wall can be treated by an adiabatic approximation similar to the one used for transport through a quantum point contact. In the diffuse regime we will use the diagrammatic technique introduced in Ref. 6 and generalize it to the case of asymmetric impurity scattering lifetimes ͑but without localization effects 6 ͒ and screening of the domainwall potential. Our results, although more general, reduce in the case of strong spin splitting to results that are very similar to those obtained in Ref. 7 using a Boltzmann equation. We explain why the results of the two methods differ. Some results have been published already in a brief report and a conference proceedings. 8, 14 Here we give an in-depth discussion of the results including the technical details of the derivations.
The paper is organized in the following way. The twoband Stoner model for the ferromagnet with a rotating magnetic field and how it can be reduced to a more tractable form by a local gauge transformation is discussed in Sec. II. The ballistic transport regime is discussed in Sec. III and the diffuse transport regime in Sec. IV. We give our conclusions in Sec. V. The appendixes include the adiabatic approximation which can be used in the ballistic situation, recipes for the calculation of the frequency summation of the Feynman diagrams, and the spin-spiral case which can be exactly diagonalized.
Transport through the domain wall is ballistic when the system size is smaller than the mean free path. In this regime, the transport properties can be described by the Landauer conductance,
where T k ʈ ssЈ is the transmission probability for an electron in the transverse mode k ʈ to pass the domain wall from spin state sЈ to spin state s. Domain walls in transition metals are much thicker than the Fermi wavelength ͑the length of the domain wall is w ϭ40 nm ͑Fe͒, w ϭ100 nm ͑Ni͒, w ϭ15 nm ͑Co͒, and the Fermi wavelength is roughly F ϳ0.2 nm͒. The transmission probability can therefore be calculated with the aid of an adiabatic approximation on the eigenstates of the Hamiltonian after the gauge transformation ͑2͒ ͑see Appendix A͒. The domain wall is then equivalent to an effective potential barrier for the electrons. The conductance is determined by the minimum number of propagating modes, which 
where
The screening of the domain-wall potential discussed below is not important for the calculation of the conductance, since by a calculation following the lines in Sec. IV, we find that the shift in the chemical potential due to the rotating magnetization is
The conductance is Gϳk F 2 ϳ, and therefore screening gives a vanishing small contribution to the change in the resistance when the splitting
Using parameters for Fe, Ni, and Co ( w ϭ40 nm, w ϭ100 nm, w ϭ15 nm, respectively͒, we find R w /R ϭ0.0008%, R w /R 0 ϭ0.0001%, R w /R 0 ϭ0.008%, respectively. Within the two-band model, the ballistic domain-wall scattering is thus very weak. In first-principles band-structure calculations these small numbers are enhanced by orders of magnitude due to the ͑near͒ degeneracy of the energy bands at the Fermi level. 
IV. DIFFUSE TRANSPORT
When the system size is much larger than the mean free path, the transport is in the diffuse regime. We assume that the electrons are subject to spin-dependent scattering, which is modeled by short-range scatters giving rise to spindependent lifetimes ϩ and Ϫ for spin-up and spin-down states, respectively, which will be treated as adjustable parameters.
We study the current in the z direction. The current operator transformed by the local spin rotation U(r) in Eq. ͑2͒ is J ϭU † JUϭJ 0 ϩJ g . The unperturbed current operator is
and due to the local gauge transformation
The conductivity is calculated from the Kubo formula:
͑10͒
where n 0 ϭN/V is the electron density, N is the number of electrons, and V is the volume of the system. The currentcurrent correlation function ⌸() is obtained by an analytical continuation (i l˜ ϩi␦, ␦˜0
ϩ ) from the Matsubara correlation function
where 1/␤ϭk B T, k B is the Boltzmann constant, T is the temperature, and T is the -ordering operator. We will only study the dc conductivity at low temperatures by letting 0 and T˜0. The relevant Feynman diagrams to the lowest order in the scattering by the domain wall were identified in Ref. 6 and are shown in Fig. 1 . Diagram 0 represents the zeroth-order Drude contribution, diagram 1 is due to the correlation of the correction to the conductivity operator ͑9͒, diagrams 2 and 4 are self-energy corrections from the interaction Hamiltonian ͑4͒ to the electron Green's function, diagram 5 is a vertex correction, and diagram 3 is the correlation of the change in the current operator ͑9͒ and the interaction Hamiltonian ͑4͒. The electron Green's function appearing in the Feynman diagrams in Fig. 1 is a configurational average over impurity positions, e.g., the retarded Green's function is
The scattering lifetimes of the states at the Fermi energy due to the impurity scattering s are assumed to be isotropic but may be spin dependent. 15 The dc conductivity of a single domain ferromagnet is
where 0 is the bulk chemical potential, n ϩ (n Ϫ ) is the electron density of spin-up ͑spin-down͒ states, and ϩ ( Ϫ )
is the scattering lifetime of spin-up ͑spin-down͒ states. There are two contributions to the conductivity which to the lowest order in the domain-wall scattering are additive. First, screening shifts the chemical potential and induces a DW conductivity in Eq. ͑13͒. Second, the electrons are directly scattered by the domain wall by the interaction term ͑4͒ and the gauge transformed current operator ͑9͒.
Since the width of domain walls in transition metals is much larger than the screening length, electroneutrality dictates that the electron density to a good approximation is the same in the presence or absence of the DW, but the chemical potential differs. This is in contrast to the treatment in Refs. 6 and 7, where the chemical potential is assumed to be the same in the presence or absence of the DW. The change in the conductivity due to the chemical potential shift can be found from Eq. ͑13͒ setting 0˜ 0 ϩ␦:
which to lowest order in the domain-wall scattering may be added to the DW conductivity. Here N s ϭmk F s /(2 2 ប 2 ) is the electron density of states at the Fermi energy, k F s is the spin dependent Fermi wave vector related to the spin dependent electron density by n s ϭ(k F s ) 3 /(6 2 ), and we also introduce ⑀ F s ϵប 2 (k F s ) 2 /(2m). We proceed by calculating the chemical potential shift due to the rotating magnetization. The zeroth-order contribution to the electron density is n 0 ϭ ͚ ks (Ϫ⑀ k s )/V, where (x) is the Heaviside step function. The Feynman diagrams of the contributions to the electron density in the lowestorder interaction with the domain wall are shown in Fig. 2 . Diagram A is due to the first term in Eq. ͑4͒ and diagram B is due to the second-order contribution of the second term in Eq. ͑4͒. Combining the two terms, the second-order contribution to the electron density is
where 2⌬(kq)ϭ⑀ k ϩ Ϫs Ϫ⑀ k Ϫ s and k Ϯ ϭkϮ(q/2)ẑ. Since the DW is much thicker than the Fermi wavelength, we disregard the wave-vector dependence ͑q͒ on the electron states at the Fermi level and introduce the energy parameter for the domain wall, E w ϭ ͚ q ប 2 ͉a q ͉ 2 /(2m), e.g., with cos
Feynman diagrams of the contributions to the conductivity to the lowest order in the domain-wall scattering. Solid lines indicate the electron Green's function and the dashed lines the interaction with the domain wall. The vertex ϫ arises from the unperturbed current operator ͑8͒, the vertex ᭺ is due to the gauge transformation on the current operator ͑9͒, the vertex छ is due to the first term in the interaction Hamiltonian ͑4͒, and the vertex ᮀ is due to the second term in the interaction Hamiltonian ͑4͒. ''density'' of the domain wall. The chemical potential shift follows from n 0 ϩn 2 ϭn, where n is the electron density,
The correction in the conductivity ͑15͒ due to the chemical potential shift becomes
The corrections to the current-current correlation function from diagrams 1-5 are
where the frequency summations are defined by
In the low impurity density limit the energy splitting between the bands is larger than the broadening of the bands due to the impurity scattering, ⌬/បӷ1. The frequency sums ͑20͒ are evaluated in Appendix B, where the weak wave-vector dependence on the electron states at the Fermi level is disregarded consistent with the treatment of the chemical-potential shift above. Carrying out the Matsubara frequency sums over the internal energies at low temperature, we find that the correction to the dc conductivity due to the DW is 1 ϭ0, ͑21a͒ 
The contribution to the conductivity from the diagrams 1-5 in Fig. 1 is
The DW resistivity can be found from w ϭϪ w 0 2 , where the DW conductivity change due to the rotating magnetic field is w ϭ␦ 0 ϩ ͚ iϭ1 5 i :
The first term in Eq. ͑23͒ is always positive, but the second and the third terms can be negative when the relaxation time of the minority-spin electrons is longer than the relaxation time for the majority-spin electrons. However, as will be demonstrated below, the domain-wall resistivity given by Eq. ͑23͒ is always positive. Our speculation about the possibility of a negative domainwall resistance in Ref. 14 is thus not justified from Eq. ͑23͒ only. The result ͑23͒ differs from that obtained in Ref. 6 for spin independent relaxation times s ϭ, where screening was not taken into account, i.e., a constant chemical potential and not a constant electron density was assumed. The result also differs from the calculation in Ref. 7 based on the Boltzmann equation. We believe that this latter discrepancy is because in Ref. 7 screening as well as the effect of the gauge transformation on the current operator ͑9͒ are neglected. The latter corresponds to the neglect of the diagrams 1 and 3 in Fig. 1 . For sufficiently weak impurity scattering and/or a large spin splitting (⌬/បӷ1) the contribution from dia-gram 1, Eq. ͑21a͒, vanishes, so only in this limit the omission of this diagram is justified. Furthermore, the difference in the Fermi wave vectors for the spin-up and spin-down electrons was disregarded in parts of the calculations in Ref. 7 and an approximation was introduced in order to solve the integral equation for the Boltzmann equation. Indeed, assuming small spin splittings (⌬/⑀ F Ӷ1, but ⌬/បӷ1) in Eq. ͑23͒, we obtain
which is very similar, but not identical to the result in Ref. 7 .
In this limit, the domain-wall resistivity increases quadratically with the asymmetry in the spin-up and spin-down scattering lifetimes as pointed out in Ref. 7 . For larger spin splitting, Eq. ͑23͒ should be used. It is also interesting to study the domain-wall resistivity when the spin splitting is large, 2⌬Ͼ, which is the case for a half metallic ferromagnet in which the minority-spin density of states vanishes, N Ϫ ϭ0. In this regime we find
The first term in Eq. ͑25͒ can be interpreted as additional intraband scattering in the majority-spin channel due to the rotating magnetization and the second term as virtual transport in the minority-spin channel which has a negative contribution when Ϫ Ͼ ϩ . The domain-wall resistivity ͑25͒ is always positive. In the limit of large spin splittings ⌬ӷ the domain-wall resistivity vanishes, since the coupling between the bands becomes vanishingly small. Note that the present formalism is valid only for wide walls, since the domainwall scattering is treated as a perturbation. This is in exact agreement with Eq. ͑23͒ for a q ϭa 0 ␦ q,0 when ϩ ϭ Ϫ ; a good indication of the correctness of our perturbation approach. The calculations in Refs. 6 and 7 disagree with the exact result ͑26͒ presumably due to the reasons outlined above.
The result for the domain-wall resistivity ͑23͒ can be analyzed by introducing k F ϩ ϭͱ␥k F , k F Ϫ ϭk F /ͱ␥, ϩ ϭͱ, Ϫ ϭ/ͱ, where ␥ϭk F ϩ /k F Ϫ is a measure of the polarization of the ferromagnet, ϭ ϩ / Ϫ is a measure of the asymmetry of the scattering lifetimes, k F is the average Fermi wave vector, and is the average scattering lifetime. The domainwall resistivity is proportional to ϭE W /4E F . Typically in Fe k F ϳ1.7 Å , W ϳ300 Å , and n w ϳ2.5 m Ϫ1 giving ϳ10 Ϫ6 , which means that the domain-wall scattering for symmetric scattering lifetimes is very weak. However, as pointed out in Ref. 7 , the domain-wall resistivity can become appreciably larger when taking into account the lifetime asymmetry of the carriers. We show in Fig. 3 the scaled domain-wall resistivity w /( 0 ) as a function of the asymmetric scattering lifetimes ϩ / Ϫ in the case of a small spin polarization ␥ϭ1.01 ͑solid line͒, intermediate spin polarization ␥ϭ1.20 ͑dashed line͒, and large spin polarization ␥ ϭ10.0 ͑dotted line͒. For a larger spin polarization, the domain-wall resistivity naturally becomes asymmetric in the relative difference in the scattering lifetimes ϩ and Ϫ . The domain-wall resistivity becomes noticeable for asymmetric lifetimes and can become of the order w / 0 ϳ1%.
V. CONCLUSIONS
We studied the contribution of domain-wall scattering on the transport properties of a ferromagnet using an effective two-band model. In a diffuse ferromagnet, the domain-wall resistivity is calculated from the Kubo formula. The domainwall resistivity is found to be strongly enhanced when the scattering lifetimes of the majority spins and minority spins are different, in agreement with the results in Ref. 7 . In the ballistic regime, we have demonstrated how the domain-wall scattering creates an effective barrier that the electrons must pass. The results from the two-band model give only very small corrections to the resistance of the system.
First-principle band-structure calculations have shown that the domain-wall resistance can be increased by orders of magnitude in the ballistic regime. 8 It would be interesting to perform a realistic band-structure calculation also for diffuse systems. However, the generalization of our two-band results turns out to be cumbersome.
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APPENDIX A: ADIABATIC APPROXIMATION
In the ballistic regime, it is most convenient to start with the Hamiltonian in its first quantized form, which after the gauge transformation ͑2͒ reads H ϭH 0 ϩV:
where a(z)ϭd(z)/dz is the gradient of the rotating angle of the magnetization and aЈ(z)ϭd 2 (z)/dz 2 . The wave function can be written as
where ()ϭA Ϫ1/2 exp(ik ʈ ) is the transverse part of the wave function ͓kϭ(k ʈ ,k z )͔, A k (z) is the spin-up-like longitudinal amplitude and B k (z) is the spin-down-like longitudinal amplitude. The Schrödinger equation then becomes
, and E F is the Fermi energy. The offdiagonal terms in Eq. ͑A4͒ describe the coupling between the spin-up-and spin-down-like states. In the case of a spin spiral, aЈ(z)ϭ0, the eigenstates can be found to be A k ϭA k 0 exp(ik z z), B k ϭB k 0 exp(ik z z), where the dispersion of the modes k z is determined by
The coupling is weak when the gradient of the spin rotation gradient is slow compared to the Fermi wavelength. This permits us to make use of a multiple scale analysis ͑or adiabatic approximation͒. 16 This analysis is done by introducing the small parameter ⑀, so that (z)˜(⑀z), a(z)˜a(⑀z), and da/dz˜⑀da/dz and we introduce the new variable Z ϭg(⑀z)/⑀, where g(⑀z) is a scaling function. 16 We expand the longitudinal function A k (z) and B k (z) to the lowest order in the small parameter ⑀, A k (z,Z)ϭa k 0 (Z,z)ϩO(⑀). To the lowest order in the small parameter ⑀, the equation to solve is thus
We now make the ansatz a k 0 (z,Z)ϭa k 0,0 (z)exp(iZ) and find that the scaling function g is chosen such that
and Zϭ(1/⑀)͐ z dx gЈ(x), so that the adiabatic solution is
Similarly we can find a solution for B k (z). Disregarding tunneling states which only give an exponentially small contribution to the conductance, the number of propagating modes is determined by the condition Im͓gЈ(x)͔ϭ0. From Eq. ͑A8͒, we see that the number of propagating modes is determined by the position where a(z) attains its maximum, i.e., the conductance can be calculated as for a spin spiral with a(z)˜a max .
APPENDIX B: FREQUENCY SUMMATIONS
The typical frequency sum to be performed is
where X n and Y n are Matsubara Green's functions. They can be written in the spectral representation
where the spectral function is determined by the retarded and the advanced function
Performing the frequency summation in Eq. ͑B1͒, we get
The dc conductivity is obtained by an analytical continuation
and we consider the limit of zero temperature (T˜0):
The product of the two retarded ͑advanced͒ Green's functions vanishes when integrating over the energy since the poles are on the same side of the imaginary plane. The sum can then be simplified to
This relation will be used in the following in order to calculate the contributions from the diagrams 1-5 ͑Fig. 1͒. We use
where ␦ s ϭប/(2 s ) and obtain in the limit ␦ s Ӷ the contribution from 1 to the conductivity
where s ϭ⑀ s Ϫ is the quasiparticle energy relative to the Fermi level. In the case of no spin splitting ( s˜ ) and (␦ s˜␦ ), the result is I 1 Ϸ␦(). In the limit of strong spin splitting, the result is vanishingly small ͑of order ប/⌬ small͒,
The sum 2 gives a contribution .
͑B18͒
In the case of no spin splitting the sum is
For large spin splitting, we have
